Background: Atrial fibrillation (AF) is the most common atrial arrhythmia in arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVD). Considering the histologic changes known in the right ventricular (RV) in ARVD, the aim of the present study was to examine right atrial (RA) pathology in patients with ARVD. Methods: Histology of RA and RV was assessed from autopsy material in 3 patients with ARVD without persistent atrial arrhythmia. RA histology in 3 patients with permanent AF without ARVD and 5 patients without cardiovascular disease was also studied. Staining with hematoxylin phloxine saffron was performed for the ARVD patients to identify fibrosis, and hematoxylin-eosin for identification of lymphocytes. Masson's trichrome staining was performed for control groups taken from a collection of standard glass slides. Results: In all 3 ARVD cases, RA anomalies were observed that revealed a reduction of cardiomyocytes, the presence of adipocytes, some of them inside the mediomural atrial layer and interstitial fibrosis. In 2 ARVD cases, interstitial fibrosis was also associated with a focus of replacement fibrosis, which was also observed in patients with permanent AF without ARVD. The histologic specimen of the RA and RV from the control group without cardiovascular disease did not display any evidence of fat or fibrosis with a preserved cardiomyocyte architecture. Conclusions: A similar histopathological substrate, as can be observed in the RV of patients with ARVD can also be seen in the RA of these patients. This may explain the high prevalence of atrial arrhythmias, particularly AF, in patients with ARVD. (Cardiol J 2019; 26, 6: 736-743) 
Introduction
Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVD), first recognized in 1977, is an inherited cardiomyopathy mostly due to mutations in both desmosomal and non-desmosomal genes [1] . ARVD is considered as one of the lead-ing causes of sudden cardiac death in the young and among athletes [2, 3] . In patients with ARVD, a right ventricle (RV) covered by fat has been an impressive pattern observed after opening the pericardium before antiarrhythmic surgery (Fig. 1A) . Histopathology of the RV in ARVD is studied at low magnification in order to display the full thickness Guoliang Li et al., Atrial dysplasia in ARVD of the free wall ( Fig. 1B) . This shows a particular topographic pattern in which a reduced amount of myocardium and a presence of fat and fibrosis are predominant features on epicardial layers. However, inside this fibro-fatty tissue, it is possible to observe strands of cardiomyocytes, which appear as a pathognomonic histological feature of this disease (Fig. 1B) . It is also obvious that the preserved RV myocardium remains mostly apparent in the subendocardial layers frequently dissociated by excessive interstitial fibrosis (Fig. 1B) . This can explain why trouble in conduction is mostly observed on epicardial layers, leading to identification of the Epsilon wave of postexcitation. However, fibrosis in the RV is twofold: 1) Interstitial fibrosis made of small layers of Figure 1 . A. Surgical view of a typical right ventricular dysplasia (ARVD) beating heart. The right ventricle (RV) is dilated and totally covered by fat with extension over the left ventricle (LV) apex (dark red). Two aneurysms are visible on the infundibulum and the sub tricuspid area; B. Full thickness of the RV in a typical ARVD patient. Note the predominance of adipocytes in subepicardial layers and the presence of strands of cardiomyocytes (solid arrows) bordered by fibrosis within the fat, which is a marker of ARVD (HPS, 20×); C. Two foci (red solid arrows) of lymphocytes in zones of interstitial fibrosis in the RV. Also note the presence of eosinophils, monocytes and polymorphonuclears. This histologic specimen was obtained from a patient with ARVD, who was referred for heart transplantation due to a rapid deterioration of global cardiac function (HPS, 400×) (image was provided by Guy H. Fontaine). fibrous tissue bordering or embedded cardiomyocytes, and 2) Replacement fibrosis made of large amounts of hyaline fibrosis sometimes interspersed by a variable number of lymphocytes. These lymphocytes were later interpreted as a hallmark of superimposed myocarditis. This can be explained by the increased susceptibility of this abnormal myocardium in attracting inflammatory phenomena such as cardiotropic viruses, which can be a trigger of arrhythmias [4] [5] [6] .
After the group around Guy Fontaine in Paris, which was the first to demonstrate a high prevalence of supraventricular arrhythmias in ARVD patients [7] , this concept was further confirmed on a larger series of patients [8, 9] . Of all atrial arrhythmias in ARVD, atrial fibrillation (AF) is the most common. A recent study of boxer dogs with histopathologically confirmed ARVD identified fibro-fatty infiltration and histopathologically altered intercalated disc and gap junction proteins in atrial myocardium, representing a substrate for atrial arrhythmias associated with ARVD [10] . This supports atrial involvement as part of this disorder. Therefore, this study examines the right atrial (RA) pathology of humans with ARVD in comparison to patients with persistent AF without ARVD and controls without cardiovascular disease (CVD), and considers typical histologic changes of the RV known in ARVD.
Methods
Right atrial histology was assessed in autopsy material from 3 patients with ARVD with atrial arrhythmias, but without a history of persistent AF. This was done in order to minimize the effects of atrial arrhythmia itself on atrial remodeling ("AF begets AF"). The diagnosis of ARVD was confirmed by clinical presentation and characteristic pathological and histopathological changes of the RV at autopsy. A regular technique of tissue processing for glass slides for light microscopic examination, with numeric image processing was performed. Staining with hematoxylin phloxine saffron (HPS) was performed for tissue obtained from the patients with ARVD to have a better identification of fibrosis, and hematoxylin-eosin (HE) for better identification of lymphocytes. Masson's trichrome staining was performed for two control groups taken from a collection of standard glass slides. Examination of all slides was made at low (20×) and high magnification (400×) with special respect to adipocytes, interstitial or replacement fibrosis as well as high magnification for detection of clusters of lymphocytes isolated in myocardium or embed-ded in fibrosis, which represent a chronic-active form of myocarditis. The RA samples from patients with permanent AF without ARVD were obtained from the First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China. RA autopsy samples from individuals without CVD were obtained from the Forensic Medical College of Xi'an Jiaotong, University Health Science Center, China. This was approved by the ethical committee of Xi'an Jiaotong University Health Science Center, China (approval number: 2018007). Informed consent was obtained from all patients or their relatives. Autopsy samples of patients with ARVD from Hôpital de la Salpêtrière, Paris, France, were taken before 1975. Three patients with ARVD did not refuse research associated with their disease, and at that time there was no ethics committee, but Chief of the Department of Cardiology, Hôpital de la Salpêtrière, Paris, France approved the investigation to learn about the etiology of arrhythmias in these patients.
Results

ARVD group
To improve clarity, magnification and staining are indicated in each picture. The reference histologic document of a typical RV free wall, changes in a characteristic patient with ARVD (case 1) is presented in Figure 1B . Note the value of low magnification to display the full thickness of the RV free wall ( Fig. 1B ) and the value of high magnification in assessing lymphocytes (Fig. 1C ).
In summary, reference histological material of the RV shows: -reduction of cardiomyocytes; -continuous adipose tissue on the epicardium; -strands of cardiomyocytes within adipose tissue in the subepicardial layers; -strands of fibrous tissue all over the free wall, being more severe on endocardial layers; -paucity or absence of cardiomyocytes in medio-mural layers.
Case 1
The patient was a 28-year-old Caucasian male, 54 kg, born in the Veneto region, Italy. His familial history was not available. Transthoracic echocardiography had shown a left ventricular ejection fraction (LVEF) of 25% and RV fractional area change of 20% after 10 years follow-up for paroxyxmal ventricular tachycardia (VT). The patient experienced almost incessant VT of four different morphologies and then was referred to the present group in Paris for antiarrhythmic surgery. Ablation by 17 shock of 100 joules delivered by direct current was performed to prevent relapses of VT due to a very high risk for open heart surgery. However, this patient died one week later of a longstanding pulmonary infection prior to the ablation procedure. Autopsy was performed the same day. Gross pathology studied before preservation in formalin confirmed the diagnosis of ARVD, the whole RV was covered by fat. A major increase of trabeculations was observed after opening the RV free wall, which was paper-thin and showed a significant reduction of myocardial tissue ( Fig. 2A) . The RA histological sample from this patient is also impressive by the major evidence of interstitial fibrosis and small islands of adipocytes embedded or bordered by residual cardiomyocytes, which were considerably reduced in amount (Fig. 2B ). Also note an increased thickness of the media layer of the distal coronary vessel, which is well in line with the concept of the presence of cardiac microvascular disease in ARVD [11] and may be responsible for one of the mechanisms for chest pain in ARVD patients [2, 12] .
Case 2
The patient was a 48-year-old male of African descent, born in La Martinique, 90 kg, LVEF 25%. He had a history of paroxysmal AF and was referred for VT ablation after several episodes of tolerated sustained VT. However, this patient died due to cardiac tamponade after insertion of the RV endocardial catheters before ablation. The pathology of the RV was typical in ARVD. The histological study of the RA (Fig. 2C ) showed evidence of interstitial fibrosis bordering or embedding a reduced number of cardiomyocytes, but was less severe than in the previous case. Presence of some clusters of adipocytes inside the myocardium was also noted. A focus of replacement fibrosis on the epicardial layer with strands of fibrosis towards the endocardial layer was present. This pattern suggests sequelae of healed -epicardial towards endocardial -myocarditis. An absence of lymphocytes is noticeable.
Case 3
This patient was a Caucasian woman in the her late 30s, who had died in hospital of intractable VT leading to an autopsy and subsequent typical histologic diagnosis of ARVD. Histology of the RA showed zones of major fibrosis and others with excessive fat containing residual strands of cardiomyocytes, which were considerably reduced in amount (Fig. 3A, B) . Histology of the RV revealed typical characteristics of ARVD (Fig. 3C) . 
Control groups
Three patients with permanent AF without ARVD were chosen as a positive control group (Fig. 4A ). They were > 50 years; two were males. Their RA histology (Fig. 4B) shows a major predominance of adipocytes and fibrosis. Five individuals without known CVD, had died of a non-cardiac cause served as negative controls, three were males. They showed a pattern of a homogenous myocardial structure exempt of fat, fibrosis or inflammation (Fig. 4C, 4D ).
Discussion
In this autopsy study of RA tissue from patients with ARVD without a history of persistent atrial arrhythmias demonstrated similar histopathological changes when compared to typical RV changes of fibro-fatty infiltration known in ARVD. According to available research, this is the first human study investigating RA histology of patients with ARVD as compared to patients with permanent AF without ARVD and in patients without any CVD. The atrial histopathological changes observed in the ARVD cohort were absent in controls without CVD who had died of a non-cardiac cause, but a similar pattern of RA fibro-fatty infiltration was observed in patients with permanent AF without ARVD.
The pathologic changes observed in the RA are similar to those known in the right (or possibly left ventricle) ARVD. The first case of this series displays a typical picture of what is considered "atrial dysplasia". This term was first reported by the present group in a patient with myotonic dystrophy where the dysplastic phenomenon was localised in a focal zone [13] . The second case shows evidence of diffuse interstitial fibrosis with small clusters of adipocytes inside the atrial myocardium. Another very important anomaly was the patchy distribution of zones of epicardial hyaline fibrosis in agreement with a pattern of healed myocarditis, probably superimposed on the genetically produced dysplastic phenomenon. This pattern suggests sequelae of healed epicardial towards endocardial myocarditis. An increased thickness of the media layer in a distal coronary vessel is in line with the presence of a microvascular disease in ARVD [11] , which can explain atypical chest pain in some of these patients [2, 14] .
Fibrofatty atrial infiltration has already been described in patients with persistent AF [15] . In the present study, the atrial myocardium in patients with ARVD and those with permanent AF was not made of compact myocardium such as the homogenous structure observed in the normal left ventricle, but showed a spectrum of anomalies known in the RV of patients with ARVD. Of importance, atrial dysplasia in patients with ARVD was present in the absence of a history of persistent atrial arrhythmias. Therefore, it can be hypothesized that atrial dysplasia is not directly related to the presence of atrial arrhythmias in these patients, but should follow a different pathophysiologic mechanism. As expected, these anomalies were absent in patients without CVD.
Concepts herein are clear and simple because they are based on obvious structural heart disease. However, this understanding requires basic knowledge in the field of histology of the myocardium under normal and pathologic conditions. This pathological substrate most likely creates the basis for AF, similar to ventricular arrhythmias well known in patients with ARVD [2, 6, 16] . Yet, the specific mechanisms leading to atrial dysplasia in ARVD remain unclear and require further investigation in future studies. A primary disease of the atria, as suggested in studies of ARVD boxer dogs is possible [10] . However, it is also possible that right and left ventricle dysfunction and adverse ventricular remodeling secondarily leads to increased loading conditions in the atria, which produces atrial dysplasia, similar to patients with persistent AF without ARVD [9, 17] .
In short, histologic anomalies in the human ventricular myocardium may lead to ventricular arrhythmias, and in more severe cases, to ventricular fibrillation and sudden death. The same situation, which also seems to be common in the atria, can lead to atrial arrhythmias including AF.
Limitations of the study
This preliminary report was performed with small series of patients with ARVD since it is challenging to obtain atrial tissue for histologic examination from these patients. Moreover, genotyping was not available when these samples were collected. However, the clinical investigation, gross pathology and histopathology were well in line with a diagnosis of ARVD in these 3 patients. From the present descriptive study, it cannot be inferred as to whether the structural changes in the RA of patients with ARVD are secondary due to RV failure, or are primarily due to genetic mutations or epigenetic factors that affect the intercalated disc of atrial tissue. Atrial tissue was only available from the RA. Therefore, histological findings from the left atrium cannot report on, which is important for triggering and maintaining AF in patients without ARVD.
Conclusions
This histologic study of RA tissue in 3 patients with ARVD without a history of persistent atrial arrhythmias demonstrates structural changes similar to those of the RV known in ARVD. The present findings help to explain the underlying substrate and high prevalence of AF in this cardiomyopathy.
